Analyses of tested two-way reinforced concrete (RC) slabs were carried out with varying modelling choices to develop better modelling strategies. The aim was to study how accurately the response of a slab subjected to bending could be predicted with nonlinear finite element (FE) analysis using three-dimensional (3D) continuum elements, and how the modelling choices might influence the analysis results. The load-carrying capacity, load-deflection response, crack pattern and reaction-force distribution of the two-way slab studied were compared to experimental data available. The influence of several modelling parameters was investigated, including geometric nonlinearity, element properties, concrete model, reinforcement model and boundary condition. The results show the possibility of accurately reflecting the experimental results concerning load-carrying capacity, load-deflection response and crack pattern giving proper modelling choices. Moreover, the reaction force distribution was found to be highly influenced by the stiffness of the supports.
Introduction
Reinforced concrete (RC) slabs are amongst the most exposed parts in structures such as bridges. Thus, it is critical to be able to accurately assess the load-carrying capacity and response of existing RC slabs. In engineering practice, simplified analytical models are normally used to make structural assessments in an effective way for a large number of load cases. However, the few full-scale tests on real bridges show large load overcapacities compared to conventional assessment, e.g. Plos [1] , Sas et al. [2] . Consequently, if improved assessment methods are developed and applied, there are huge possibilities to use these reserves.
Assessment of structural safety and functionality is a step-level procedure, with successively improved evaluation integrated to the decision process, as described in Sustainable Bridges [3] . There, it is also stated that nonlinear finite element (FE) analysis has the highest potential for discovering any additional sources of load-carrying capacity in reinforced concrete bridges. Also Model Code 2010 [4] proposes a ''level-of-approximation approach'' with progressively refined accuracy of the models and physical parameters used; numerical methods like FE analyses are proposed for the highest levels. Nonlinear FE analysis is well suited to enhanced level assessment, which takes the three-dimensional geometry of the structure and its nonlinear response due to e.g. material plasticity, cracking and large deformations into account. For RC slabs, to be able to reflect various failure modes, three-dimensional (3D) continuum FE models are suitable.
However, nonlinear 3D continuum FE analysis is demanding and requires skilled and experienced structural engineers. Furthermore, such an analysis involves many modelling choices that are decisive for how well the analysis results reflect the response of the real structure.
Consequently, strategies for modelling with 3D continuum elements are needed; efficient and robust numerical models are essential to accurately predict the structural behaviour of RC slabs. The purpose of this study is to contribute to the development of such strategies and to give recommendations regarding modelling choices. These should complement more general guidelines already available in literature such as Hendriks et al. [5] and Fib: Bulletin 45 [6] .
The reliability of nonlinear FE analyses depends on modelling choices based on assumptions with regard to such aspects as (i) the nonlinearity of material as well as of geometry, (ii) the properties of finite elements and mesh density, (iii) the interaction between concrete and reinforcement, and (iv) the modelling of boundary conditions. To accurately describe the nonlinear behaviour of RC slabs, FE methods have been investigated since the early 1970s [7] . Crisfield [8] offered a total Lagrange description of geometric nonlinearity, which is useful if rotations and displacements are large and strains are small. Regarding concrete material nonlinearity, models for the numerical simulation of concrete cracking have traditionally been based on either the smeared crack model [9] or the discrete crack model [10] . In the smeared crack approach, a crack is modelled by modifying the strength and stiffness of concrete and by distributing or ''smearing'' the dissipated energy of the crack along the finite width of a localization band [11] . This so-called crack band approach [12] is widely adopted as a simple technique eliminating or reducing the sensitivity of numerical results to the mesh size of finite elements in simulations involving strain localization due to softening. In the study by Selby & Vecchio [13] , the lateral expansion effect due to Poisson's ratio was taken into account in the structural model. Two techniques exist for modelling RC structures describing the interaction between concrete and reinforcement: full interaction, or the use of a bond model [14] [15] [16] [17] . In the former approach, the reinforcement adds stiffness and strength to the concrete elements in the reinforcement direction, whilst in the latter approach, concrete and reinforcement are modelled separately using an interface layer with a friction model in between. In order to determine the reaction distribution, Belletti et al. [18] carried out an FE analysis of an RC one-way slab using interface elements with high compressive stiffness and low tensile stiffness as part of a support; in this way the effective width of the slab was calculated. All these choices for modelling RC structures are applicable to modelling two-way slabs, but the impact from each has not been systematically studied.
The aim of this study is to examine how accurately the response of a two-way RC slab subjected to bending might be predicted through nonlinear FE analysis using 3D continuum elements. Furthermore, the influence of different modelling choices on the analysis results has been investigated. The load-carrying capacity, load-deflection response, crack patterns and reaction force distribution from FE analysis of a two-way slab under a concentrated load has been compared to corresponding experimental data from Fall et al. [19] . The influence of the following modelling choices has been investigated: geometrical nonlinearity, element properties, material models for concrete, reinforcement (including interaction between reinforcement and concrete), and stiffness of supports. Based on the results of this study, a preliminary modelling strategy and modelling recommendations for a 3D FE analysis using continuum elements are presented.
Experiments of slabs
Fall et al. carried out a series of tests on two-way slabs, which have been reported in [19] ; in this section only a brief description of the experiments is made. The geometry and test set-up were designed so that a flexural failure occurred. In a larger test series, three specimens containing traditional steel bar reinforcement in ordinary concrete were tested. The three specimens were intended to be equal; thus they had the same dimensions and reinforcement arrangements, and the results of the three tests were similar as expected. The specimens were two-way octagonal slabs (80 mm in thickness) supported on four edges, each by five rollers, and subjected to a point-load at the centre (see Fig. 1 ). The loading jack was coupled to a load cell which was placed over a steel plate (280 Â 280 Â 30 mm). To even out the load, a wood fibre board was placed (t = 12 mm) between the steel plate and the slab.
Linear variable differential transformers (LVDTs) were used to measure the deformation of the upper surface of the slabs relative to the floor. The loading was deformation controlled by an LVDT close to the centre of the slab. The 2.4 m wide octagonal slabs were supported on 20 high-tolerance steel pipe rollers, see Fig. 1 (right). The pipe rollers were used to measure reaction forces by glued strain gangues at two sides. Details of the support system are presented in Fig. 2 (left) .
To characterise the material, the compressive strength (f cm = 50.9 MPa) and tensile strength (f ctm = 2.7 MPa) of the concrete, together with the tensile strength of steel reinforcement (f y = 550 MPa, E s = 210 GPa) were tested. To provoke load redistribution after cracking, the reinforcement amount was twice as large in one direction as in the other. The reinforcement bars had a diameter of 6 mm, placed with a clear cover of 20 mm from the bottom of the slab to the denser bottom layer; the layout is illustrated in Fig. 2 (right) .
Numerical models
The finite element software DIANA 9.4.4 was used to model the slab, using a 3D model using solid elements, as displayed in Fig. 3 . Due to symmetry and to reduce the computation time, only a quarter of the slab was included in the model. In the FE Model, the upper steel plates of the roller supports (see Fig. 2 ) were included and interface elements were used between the concrete and steel plates to describe the friction. To model the boundary conditions provided by the roller supports, the translation of the nodes under the steel plates were fixed in both vertical direction and horizontally along the rollers, but free to move in the rolling direction. The translation of all nodes at the symmetry faces were fixed in the perpendicular direction. The jagged skew edge, which was induced because of the way of meshing, was also checked and proven not to attract stress since it was at the free edge.
The loading system, including steel and wood plates, was also modelled using solid and interface elements (see Fig. 3 ). The load was applied as a prescribed vertical displacement to the centre node at the top of the loading steel plate. To model the distributed load from the hydraulic jack, all the nodes on the top of the steel plate were tied to the centre node so that they had the same vertical deflection. An incremental static analysis was performed using specified increment sizes. Each increment was equivalent to a vertical displacement of 0.1 mm until the deflection became 3 mm. For larger mid-span deflections, the increments were increased to 1 mm to save computation time. The analyses were carried out using a regular Newton-Raphson iteration method based on force and energy convergence criteria, with a tolerance To investigate the influence of variable modelling choices, parameters describing different modelling assumptions were taken into account. Several parameters describing geometric nonlinearity, element properties, and the modelling of concrete, reinforcement, and supports were selected to be studied, see Table 1 . The influence of geometric nonlinearity was included in this study due to large deflections observed during the tests. Element properties including element type, element order and element density were included to examine their influence on the model. Parameters regarding material model of concrete, such as crack band width and Poisson's ratio, were included to study the effect of modelling recommendations found in the literature. The approaches to model reinforcement as grid layers or as bars; the interaction with or without bond-slip between reinforcement and the concrete were included to study their effect on analysis results. The normal stiffness of the interface layers at the supports was varied to study the influence of support stiffness on the load distribution. A large number of initial analyses of varying modelling choices were carried out. The combination of alternatives that appeared to be best and efficient were chosen as a reference model, see shaded alternatives in Table 1 . The influence of alternative modelling choices was studied through comparative models; all input data but the studied parameter was kept the same in the comparative and the reference models. In total nine analyses were carried out, varying one parameter at a time.
Geometric nonlinearity
In the reference model the geometric nonlinearity with the Total Lagrange description [15] was included whereas in the comparative model the geometric nonlinearity was excluded. In the analysis of concrete structures including non-linear material, linear geometry is often a sufficient assumption, i.e. the equilibrium equations are based on the un-deformed geometry and the strains are linear functions of the nodal displacements. This assumption limits the applicability of the analysis to minor displacements, rotations and strains. For the structure studied, the displacement has to be considered ''large'' since it even exceeds the thickness of the slab; accordingly [15, 20] , geometric nonlinearity needs to be included in the reference model. In this context, the GreenLagrange strain and 2nd Piola-Kirchhoff stress were adopted in the equilibrium equations and the large deformation was accounted for. In the comparative model, geometrical nonlinearity was excluded to witness the difference in response.
Element properties
The parametric study of element properties included models that had different element shapes, different element orders and different element sizes. The properties of the parameters studied for the reference and comparative models are shown in Table 2 . First order eight-node brick elements, 40 Â 40 Â 10 mm 3 (length Â width Â height), was used in the reference model. As this element type is rather poor in describing bending due to shear locking, a convergence study was conducted, which showed that at least eight element layers over the thickness were needed. This requirement made the aspect ratio very small (only 0.25) but still larger than minimum value (=0.12) [15] . To study the influence of mesh density, 30 Â 30 Â 9 mm and 20 Â 20 Â 8 mm were chosen for comparative model B30I and B20I, respectively. B30I means first order brick element with a size of 30 mm in plane. In comparative model W40I, wedge elements were chosen to investigate the influence of element shape. Due to the difficulties of achieving converging solutions given tetrahedral elements, a comparative model using these elements was excluded. In comparative model B40II, second order elements were used to study the possibility of reducing both model size and computation time. In this model, the number of element layers in the thickness direction was decreased to three layers.
Material model of concrete
The concrete was modelled based on the Total Strain Rotating Crack Model [15] . The constitutive model has originally been developed by Vecchio & Collins [21] ; the three-dimensional extension of this theory was established by Selby & Vecchio [13] . In tension, a smeared rotating crack model was used. In this approach, the crack width w is related to the crack strain e cr perpendicular to the crack via a characteristic length -the crack band width hb. The advantage is that the formulation remains local and the algorithmic structure of the finite element code only requires minor adjustments, limited to the part of the code responsible for evaluating of the stress (and stiffness) corresponding to a given strain increment [11] . For unreinforced concrete, the crack band width is typically chosen as one element length [11] . For reinforced concrete, when the reinforcement is modelled assuming complete interaction with the surrounding concrete, the distribution of one crack is rather smeared over the mean crack distance instead [22] . Fig. 4 (left) shows the tensile property of concrete for the reference model. On the other hand, when slip is allowed between the reinforcement and the concrete, the crack band width is assumed to be approximately the size of a row of element, which the crack can be localized.
The behaviour of concrete in compression was described by an isotropic damage constitutive law. When the stress-strain relationship is used in numerical analyses, the localization of deformation in compressive failure needs to be taken into account. The compression softening behaviour is related to the boundary conditions and size of the specimen [23] . Consequently, as the stressstrain relation by Thorenfeldt et al. [24] has been calibrated by measurements of a compression test on 300 mm long cylinders, the softening branch needs to be modified for the concrete element size used in the FE model. Thus, the stress-strain curve according to Thorenfeldt was modified for the concrete element size as suggested by Zandi et al. [25] , without considering the reduction due to lateral crack; see Fig. 4 (right). Table 1 Parametric study: the shaded alternatives were used for reference model and others are used for comparative model. The other material properties has been estimated based on the tested compressive strength, according to Model Code 90 [26] ; see Table 3 .
The parameter study included analyses of varying crack band widths and reductions of Poisson's ratio, as in Table 4 . The table also gives features of analyses based on reference model, model CEPU and CPPR. In the reference model, the crack band width was assumed to be equal to the mean crack distance, and a constant Poisson's ratio as for un-cracked concrete was used. The mean crack distance was measured based on the experiments to be around 100 mm. In comparative model CEPU, the crack band width was chosen as the element size in the plane of the slab (40 mm for reference model) to study the influence on crack localisation and load-deflection response. In comparative model CPPR, Poisson's ratio was reduced after cracking to account for that cracked concrete have lower lateral contraction than elastic material, as reported by Selby and Vecchio [13] . In a fully cracked state, the Poisson's ratio was reduced to zero.
Modelling of reinforcement
The interaction between reinforcement and concrete can be modelled as fully bonded or by introducing a bond-slip relation. In DIANA, fully bonded reinforcement adds stiffness to the concrete finite elements but it does not have independent degrees of freedom. The space occupied by the reinforcement is ignored and does not contribute to the weight of the element. The fully bonded reinforcement in a slab can be modelled as grid layers or as individual bars, exemplified by the slab studied in Fig. 5 . The thickness of each grid layer is calculated as the total reinforcement cross-sectional area for a unit width of the slab divided by the unit width. The amount of reinforcement for each reinforcement layer is defined separately and adds stiffness in the direction of the reinforcement bars separately.
In the analyses of the slab, the material property of the reinforcement was described by a Von Mises plasticity model, including strain hardening, using values obtained from material tests; see Fig. 6 .
The parametric study included different approaches to model the reinforcement and the interaction between reinforcement and concrete. The properties of the analyses based on reference model, GLFB and TBBS are shown in Table 5 . In the reference model, reinforcement was modelled as fully bonded individual bars. In comparative model GLFB, an embedded grid layer was instead used to model the fully bonded reinforcement. In comparative model TBBS, interface elements describing a bond-slip relation were used to investigate the influence of interaction between concrete and reinforcement. When the bond-slip model was used, an option in the software to add bond-slip to the embedded reinforcement was used. This option was pre-processed by the software so that two-node truss elements for the reinforcement were connected to the concrete elements by line interface elements. These interface elements described a bond-slip behaviour in terms of a relationship between the shear traction and the relative displacement along the bars. An analytical bond-slip relation for unconfined concrete under ''good'' bond conditions given in the CEB-FIP Model Code [26] was assumed; see Fig. 7 (left) . That is, given the notation used in Model Code (1990), s 1 = s 2 = 0.6 mm, s 3 = 1.0 mm, s max = 14.26 MPa and s f = 2.14 MPa.
Modelling of supports
The support system in the test consist steel plates and rollers, see Fig. 2 (left) . In the FE model, each support was modelled using a steel plate and plane quadrilateral interface elements (4 + 4 nodes) between the steel plate and the concrete; see Fig. 3 (bottom). In this way, the stiffness of the support system could be reflected in the stiffness of the interface elements. The response of the interface material was based on the Mohr-Coulomb friction criterion [27] with tension cut-off; see Fig. 7 (right). With this model, only compression was allowed normal to the interface plane.
To investigate how the distribution of the support reaction was affected by the stiffness of the support system, a parametric study with varying support stiffness was carried out. The parametric study included the reference model and two comparative models, DR and SDR; see Table 6 . Three values of normal stiffness of the interface element were used in this study. A high stiffness, 1.0 Â 1013 N/m 3 , was selected in the reference model, reflecting the contact between the concrete and the steel plate alone. In the model DR, the normal stiffness was calculated based on the deformation of the roller in the elastic range. The value in the model SDR was chosen based on the calibration of analysed reaction distributions to the measured distribution from tests in the elastic range.
Results and discussion
As mentioned, the geometry and test set-up were designed so that the RC slabs tested were expected to fail in bending due to yielding of the reinforcement. The three slabs tested showed very similar results. In the tests, cracking started when the load was 27.4 kN (std = 0.5) on average, followed by bending hardening. The slabs failed at the ultimate load of 69.8 kN (std = 1.1) on average with a rupture of reinforcement bars; the tests were aborted when two bars had ruptured [19] . In the following section, the load-deflection response, crack pattern, and reaction force distribution from the analyses are compared to the test results. Comparing the results of the reference FE analysis to the experimental results, the cracking load was overestimated whereas the ultimate load was underestimated by the analysis. The cracking load in the analysis was 32 kN, which was 16.7% higher than that from the experiment (27.4 kN). One reason for this difference is that, in the analysis, cracking did not took place until the tensile strength was reached at the bottom integration point of the slab; as this point was situated 5 mm from the bottom, a higher load could be applied before the tensile strength was reached here. In the analysis, the ultimate load was 65.3 kN, which was 6.4% lower than that in the test (69.8 kN) . The numerical analysis of the reference model stopped due to lack of convergence when the reinforcement stress decreased after ultimate stress was reached (see Fig. 6 ), showing that the slab failed due to the yielding of reinforcement. This fact agrees with the observations from the experiment. Fig. 8a indicates that geometric nonlinearity has a substantial effect on the load-carrying capacity of the slab. Compared to the load deflection response with linear geometry, the response with geometric nonlinearity is much closer to the experimental result for large deflections and regarding the ultimate capacity. For deflections larger than the slab thickness, part of the load is counteracted by the development of radial tensile stresses in combination with a compressive ring around the slab edge, commonly called the ''membrane effect'' [8] ; neglecting this effect leads to an underestimation of the load-carrying capacity. Fig. 8b-d present results with regard to element size, element shape and element order, respectively. Comparing the load deflection responses of the models with different element sizes to the reference model in Fig. 8b , they were generally close due to same crack bandwidth, but the comparative model B20I had a response closer to the test because of the denser mesh. Concerning the study of element shapes in Fig. 8c , the load deflection response of the analysis with wedge elements was in better agreement with the test result than that from the reference analysis, but it was more difficult to reach convergence. Regarding element order, see Fig. 8d , the 20-nodes second order element model, which was supposed to have better bending behaviour, presented a similar load deflection response as the reference model with first order elements. This indicates that eight layers of first order elements in the thickness direction were enough to describe bending behaviour. However, the model with first order elements has a larger model size costing longer computation time, which must be considered during modelling in engineering practice. Fig. 8e and f present analyses results with regard to the modelling of concrete. From the results displayed in Fig. 8e , the choice of crack band width plays an important role to the load-carrying capacity of the RC slab. Comparing the load deflection curve, the model with the crack band width equal to the element size have too high a capacity. This is reasonable because the smaller crack band width leads to higher consumption of energy if the analyses shows the same crack pattern. From the figures of crack patterns (Fig. 9b and g ) later in the paper, cracks in the analyses did not localize in single element rows. Instead, both the crack patterns are somewhat diffuse and the rows of cracked elements are interconnected along the cracks. Concerning Poisson's ratio in Fig. 8f , the load deflection curve from the analysis with reduced Poisson's ratio shows a closer capacity but a bit higher stiffness than that of the reference model and experiment. This was reasonable because when Poisson's ratio decreases during crack formation, the parts of the slab subjected to tension stop to contract in the perpendicular direction, which decreases the size of tensile cracks, leading to higher capacity. However, such results coming from this analysis are dependent on the effectiveness of the crack models implemented in this software (DIANA). Fig. 8g and h present results of analysis with regard to the modelling of reinforcement. Fig. 8g presents comparison between the model with grid layer reinforcement and the reference model with bar reinforcement. The general shapes of the load deflection curves are similar. The different approaches to model reinforcement did not change the reinforcement ratio, thus not the bending capacity, nor did it change the load-deflection response of the slab. Furthermore, Fig. 8h shows that the load-carrying capacity and the load-deflection response were not influenced by the interaction between reinforcement and concrete either. Fig. 8i present results of analysis with regard to modelling of support stiffness. The overall response of the slab in terms of the load-deflection relation was similar in the reference and comparative models. However, the comparative models, with considerably lower normal stiffness of the supports, showed a somewhat higher ductility due to decreased overall stiffness. 
Load-deflection

Crack pattern
Both analyses and experiments resulted in bending cracks and bending failure. In Fig. 9 , sketches of the initial and final crack patterns at the bottom of the slab are shown, both for the slab tested (CR1) and the FE analyses at stage A (initial crack stage, deflection = 2.5 mm) in the first row and at stage C (fully crack stage, deflection = 100 mm) in the second row. The sketch of the test results (Fig. 9a) does not indicate the crack width, merely the number and directions of the cracks. In the strain based crack pattern resulting from FE analysis, the black colour (e > 5 Â 10 -3 for Fig. 9b-f and h-j, and e > 0.01 for Fig. 9g ) represents fully open cracks and the grey colour represents minor crack widths. In the reference model, see Fig. 9b , the initial cracks appeared at the end of the elastic stage reaching from the centre of the slab diagonally towards the unsupported edge, similarly as in the tests. These cracks were also the widest cracks when the maximum load was approached. Compared to the tests, the analysis based on the reference model (Fig. 9b) gave a reasonable prediction of the crack pattern when the slab was loaded. Even though the crack extended in a zig-zag pattern along the diagonal line of the slab, the cracking still showed only a minor tendency to form along the mesh line. This phenomenon was also verified in the parameter study regarding varying element shapes. It was also observed that due to the tying of all the nodes at the top of the steel plate, the crack pattern follows the steel plate edges. The number of cracks at the final stage C could not be predicted exactly in the reference model. As shown in Fig. 9b , there were totally 10 main cracks at stage C in the pattern from the test, whilst only six distinct and separate cracks could be distinguished in the analysis. Fig. 9c -f present results with regard to varied element properties. By comparing the crack pattern of the models with different mesh densities, see Fig. 9b-d , cracks became easier to recognize when the element size was decreased. Also, the number of separate cracks increased and became more similar to that in the test. Concerning the study of element shape, see Fig. 9b and e, it was observed that the element shape influenced the crack pattern without influencing the direction of crack propagation in general. From the crack pattern in Fig. 9b and f, it can be seen that a somewhat more diffused crack pattern was obtained with higher order elements. For second order elements, the cracks at stage A; see Fig. 9f , did not propagate in a zig-zag pattern or along mesh lines as for first order elements, see Fig. 9a . This is because the middle nodes in the elements make it possible for crack strain to vary within the elements. At stage C the cracks are more difficult to recognize using second order elements compared to the reference model because of the number of element in thickness direction. In the reference model, there were eight elements in total in the thickness direction and the reinforcement was placed between the second and third layers from the bottom. This allowed the elements in the first layer to crack individually. However, in comparative model B40II, there were only three layers of elements in the thickness direction. The reinforcement was placed within the bottom layer of concrete elements; see Fig. 10 . Thus, the cracks had to distribute to all concrete elements along the reinforcement bars since they were fully bonded. Fig. 9g and h present analyses results with regard to the modelling of concrete. From the results displayed in Fig. 9b and g, it can be seen that the choice of crack band width plays a major role for the crack pattern. Comparing the crack pattern of the different models at stage A, the initial crack in the model with the crack band width equal to the element size did not appear at the same displacement level as in the reference model, because it took more energy to form the first crack when a smaller crack band width was used. In Fig. 9b and h, the model with reduced Poisson's ratio gave less localization of cracks at stage C compared to the reference model. This is because after cracking, the high Poisson's ratio makes the crack becomes wider and deeper, whereas, when zero Poisson's ratio is used after cracking, more distributed cracks happens to the elements. Fig. 9i and j present analyses results with regard to the modelling of reinforcement. Fig. 9i present the crack pattern for the model with grid layer reinforcement. As observed at stage C, the crack pattern was more evenly distributed compared to that from reference analysis; see Fig. 11b . This result is understandable because with grid layer reinforcement, all the concrete elements at the reinforcement level had added stiffness from the grid layer, which made the stiffness of the slab evenly distributed in contrast to the reference model which had separate reinforcement bars. The comparison between Fig. 9b and j showed that the analysis including a bond-slip relation for the reinforcement presented cracks that were more localized, compared to the reference model with fully bonded reinforcement.
Load distribution
In this section, the load distribution is investigated by comparing the results from the test, the reference analysis and the parametric study. There are two aspects of interest: the load distribution between the two main directions, and the load distribution along the supports on each side of the slab. These two aspects are discussed below.
Reaction forces in the two main directions
The influence of the different reinforcement ratios on the reaction forces in the two main directions was studied. In Fig. 11 (left) , the total reaction force at the supports in the strong (more reinforcement) and weak (less reinforcement) directions from the test as well as analysis are presented. Comparing the reaction force carried by the supports in the two directions, it could be observed that the load carried in the strong direction continued to increase upon cracking, whereas almost no increase in the support reaction in the weak direction was observed.
In the analysis of reference FE model, two-thirds of the total reaction force was carried in the strong direction at stage C. This results corresponds to the difference in reinforcement amounts; the reinforcement ratio in the strong direction was twice as high as in the weak direction. In the test, the proportion of the reaction force taken by the strong direction was even higher, up to 71% at stage C. Fig. 11 also compares the reaction forces in the two main directions for varying support stiffness, i.e. for comparative models DR and SDR. When the normal stiffness of the support interface layers was decreased, the differences between the comparative and reference models were minor in the weak direction but more evident in the strong direction. With decreased support stiffness, a smaller proportion of the load was carried in the strong direction and, as mentioned previously, decreasing the load-carrying capacity.
Reaction distribution along the support edges
In Fig. 12 (a) and (b) the crack pattern at stage C and the load distribution along the supported edges are visualized at three stages. Here stage B (deflection = 30 mm) is added, corresponding to the initial yielding of the reinforcement. In Fig. 12(b) , the curves ''West'', ''East'', ''North'', and ''South'' indicate the results from the test. It can be seen that for both the tested and analysed slab, the reaction force was more evenly distributed over the supports in the strong direction (North, South) than in the weak direction. This finding agrees with what could be expected as the denser reinforcement perpendicular to the support performs better to transfer load to support after crack. In the tests, it was observed that cracks extended perpendicularly to the supports in the strong direction. These cracks occurred also in the FE analysis, but did not extend all the way to the support. These cracks seem to affect the distribution of reaction forces; in the strong direction, the middle support (no. 3) carried less loads than adjacent supports. In comparing the results from tests and FE analyses, it is observed that the comparative model SDR, with the weakest support stiffness, gave a reasonably good estimation of the distribution of reaction force along the slab edges at stages A and B. Especially for supports in the weak direction, the middle roller (no. 3) obtained the highest reaction, followed by the adjacent rollers (nos. 2 and 4). The outermost rollers (nos. 1 and 5) obtained almost no reaction force. The reaction force distribution for the supports in the strong direction was different: the reaction force in the tests was more evenly distributed than in the FE analysis. The difference in load distribution between the test and FE analysis may be attributed to differences in structural response. At the initial crack stage, the material in the FE model displayed a more idealized elastic behaviour than the material in reality; when the slab was deformed, an equilibrating peripheral ring (see Fig. 13 ) was formed so that only the centre support rollers along the slab edges were able to support the slab. The difference at the fully cracked stage (C) may be attributed to the influence of the crack extending to the middle rollers in the strong direction in the tests, but not during the FE analysis. The occurrence of this crack seems to have reduced the load transfer to the middle roller (no. 3).
The normal stiffness of the supports was found to be decisive for reflecting the reaction force distribution along the support edges. In the reference model, only the contact between the concrete and the steel plate was taken into account. In the model DR, the deformation of the pipe rollers was included in the normal stiffness. In the model SDR, the deflection of the entire support system was accounted for. Here, the normal stiffness of the interface elements at the supports was calibrated by comparing the reaction force distribution to the tests in the elastic range. The study shows that the stiffness calibrated from the elastic response used in the model SDR was the optimal choice, revealing that the stiffness of the support system strongly influences the reaction distribution for RC slabs. 
Conclusions
The purpose of this study is made to investigate how accurately a nonlinear three-dimensional FE analysis using solid element can predict the structural behaviour of two-way RC slabs subjected to bending, as well as how different modelling choices influence analysis results. The load-carrying capacity, load-deflection response, crack pattern, and reaction force distribution were compared to experimental results. In order to develop modelling strategies for two-way slabs for practical use, an investigation including a reference analysis and several comparative analyses with varying parameters was carried out. However, the conclusions summarized below are proved to be valid for slab subjected to bending failure. Different conclusions could arise for slabs failing due to shear or punching.
By comparing the results of the FE analysis with test results, it was concluded that the reference model was capable of predicting the capacity, crack pattern and load distribution of the two-way slabs with reasonable accuracy. Both the initial cracking load and the ultimate load could be predicted within a reasonable error. The model was also capable of describing the crack pattern both at the initial and ultimate stages, but was unable to predict the exact number of cracks in the ultimate stage. The analysis correctly described the reaction force distribution between the two main directions, in proportion to the reinforcement amount in the different directions. However, the reaction force distribution along the support edges could be correctly described only after adjusting the vertical stiffness of the supports.
Through the parameter study, it can be concluded that the capacity predicted by the analysis of the two-way slab was significantly affected by such parameters as geometric nonlinearity, crack band width and Poisson's ratio. Geometric nonlinearity must be included when large deformations occur. The crack band width can be assumed to be the mean crack distance when fully bonded reinforcement is used. Assuming element size as crack band width resulted in an overestimation of the ultimate load. Using reduced Poisson' ratio led to closer results but a little overestimation. The crack pattern in the analysis was influenced by element size, element shape, element order, Poisson's ratio, whether the reinforcement was modelled with individual bars or as a grid, as well as whether full interaction or not was assumed between concrete and reinforcement. To clearly detect individual cracks, first order elements with dense mesh could be used, but this also brings longer computation time. Including a bond-slip relation for the interaction between reinforcement and concrete further improves the possibility of modelling the crack pattern in detail. Wedge element has the advantage of giving more freedom to the direction of crack propagation, which makes it a good choice if irregularly shaped structural components are difficult to mesh with brick elements. Second order elements and grid layer as reinforcement are good alternatives when the crack pattern is not of major interest. The reaction force distribution was found to be highly influenced by the stiffness of the supports. To estimate the support reaction distribution, the stiffness of the ''support system'' in reality, including e.g. columns, edge beams and transversal beams must be taken into account.
It could be concluded that the following modelling choices can be recommended to assess the structural behaviour of a two-way RC slab subjected to bending and modelled with 3D continuum finite elements: (a) geometric nonlinearity must be included if larger deflections than half the slab thickness may occur, (b) first order eight-node brick elements with at least eight elements over the cross-section height is sufficient, (c) the crack band width should be estimated as the mean crack distance if fully bonded reinforcement is used, (d) a reduction of Poisson's ratio for the concrete is not recommended if safety problem is considered, (e) fully bonded bar reinforcement is sufficient if a detailed simulation of the crack pattern would not be required and (f) the support stiffness needs to be included to describe support reaction distribution correctly, e.g. by using interface elements with a calibrated normal stiffness. If a detailed picture of the crack pattern is not needed, second order elements and embedded reinforcement grids are options by which the modelling and computation time may be saved.
